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ABSTRACT 

Purpose: We designed a prospective single ami Phase n 
study to evaluate the feasibility and mechanisms of apoptosis 
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induction after Ad'p53 {INGN 201) gene transfer and radi- 
ation therapy In patients with non-small cell lung cancer. 

Experimental Design: Nineteen patients with nonmeta- 
static non-small cell lung cancer who were not eligible for 
chemoradiation or surgery were treated as outpatients with 
radiation therapy to 60 Gy over 6 weeks in conjunction with 
three intratumoral injections of Ad-pSS (INGN 201) on days 
1, 18, and 32. 

Results: Seventeen of 19 patients completed all planned 
radiation and Ad-pSS (INGN 201) gene therapy as outpa- 
tients. The most common adverse events were grade 1 or 2 
fevers (79%) and chills (53%). Three months after comple- 
tion of therapy, pathologic biopsies of the primary tumor 
revealed no viable tumor (12 of 19 patients, 63%), viable 
tumor (3 of 19 patients, 16%), and not assessed (4 of 19 
patients, 21%). Computed tomography and bronchoscopic 
findings at the primary injected tumor revealed complete 
response (1 of 19 patients, 5%), partial response (11 of 19 
patients, 58%), stable disease (3 of 19 patients, 16%), pro- 
gressive disease (2 of 19 patients, 11%), and not evaluable (2 
of 19 patients, 11%). Quantitative reverse transcription- 
PCR analysis of the four p53 related genes lp21 {CDKNlA)y 
FASj BAK, and MDM2] revealed that Bak expression was 
increased significantly 24 b after Ad-p53 (INGN 201) injec- 
tion and levels of CDKNIA and MDM2 expression were 
increased over the course of treatment. 

Conclusions: Intratumoral injection of Ad-pSS (INGN 
201) in combination with radiation therapy is well tolerated 
and demonstrates evidence of tumor regression at the pri- 
mary injected tumor. Serial biopsies of the tumor suggest 
that BAK gene expression is most closely related to Ad-p53 
(INGN 201) gene transfer. 

INTRODUCTION 

Many genes involved in signal transduction, cell cycle 
control, and apoptosis have been implicated in the etiology of 
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cancer (1-3) and with elucidation of the mechanisms of action 
of the products of these genes, many have become potential 
therapeutic targets (4). The tumor suppressor gene, p53, nor- 
mally responsible for detecting damaged DNA and either di- 
recting repair or committing a cell to apoptosis (programmed 
cell death), is mutated or otherwise altered in >50% of human 
cancers, including 40-70% of NSCLCs^. Altered p53 has been 
associated with poor prognosis in patients with many types of 
cancers (5-8), and several gene replacement-based therapeutic 
strategies for cancer are in clinical trials (4). However, the 
precise mechanisms of apoptosis associated with induction of 
tumor suppressor gene function in himian cancers in situ have . 
not been previously identified. 

Because of the ^parent links between p53 and apoptosis 
and between apoptosis and radiation, we extended our previous 
studies of Ad-p53 gene therapy in NSCLC and initiated a 
clinical trial of Ad-p53 (INGN 201) combined with external 
beam ionizing radiation. We report successful gene transfer, low 
toxicity, and evidence of tumor regression. In addition, we 
examined the effects of Ad-p 53 {INGN 201) in combination with 
radiation on cell function by examining expression of several 
genes known to be regulated by p53\ p21 (CDKNJA), FAS, 
BAK, and MDM2, BAK expression, alone, was significantly 
increased 24 h after injection of Ad-p53 (INGN 201) and thus 
appeared to be the marker most acutely up-regulated by Ad-p53 
(INGN 201), providing the first demonstration of the induction 
of an apoptotic pathway by tumor suppressor gene expression in 
actual human cancers. 

MATERIALS AND METHODS 

Protocol Approval and Data Analysis. The protocol 
used in this study was approved by the Biosafety and Surveil- 
lance Committees of The University of Texas M. D. Anderson 
Cancer Center, the Recombinant DNA Advisory Conunittee of 
the NIH, and the United States Food and Drug Administration. 
The authors had full access to all of the data in this study and 
take complete responsibility for the integrity of the data and the 
accuracy of the data analysis. 

Gene Transfer Vector. Ad-p53 (INGN 201) was sup- 
plied by Introgen Therapeutics, Inc. (Houston, TX), in frozen 
aliquots containing 1 X 10*^ vp/ml in PBS containing 10% 
glycerol. Construction and generation of the vector was reported 
previously (9). Briefly, a replication defective adenovinis sero- 
type 5 was constmcted by replacing the viral El region with a 
p53 expression cassette coasisting of a wild-type p53 gene 
flanked by the cytomegalovirus promoter and the SV40 poly- 
adenylation signal (9). 

Eligibility Criteria and Treatment Protocol. Patients 
enrolled in the study had histologically proven nonmetastatic 
NSCLC (stage I-III) with measurable disease. Patients were 
ineligible for chemoradiation or surgery because of significant 
comorbidities, age, or obstructed bronchi. Initial treatment with 



^ The abbreviations used are: NSCLC, non-small cell lung cancer; vp, 
viral particles; CT, computed tomography; CR, complete response; PR, 
partial response; SD, stable disease; PD, progressive disease; wi-p53, 
wild-type p53. 



radiother^y was judged to be the accepted standard of care. The 
presence of a p53 mutation in the tumor was not a requirement 
for study entry. 

Study treatment consisted of intratumoral needle injections 
of Ad-p53 (INGN 201) on days 1, 18, and 32 of treatment in an 
outpatient setting. Radiation therapy was administered concur- 
rently over 6 weeks, beginning on day 4, to a total of 60 Gy and 
was directed at the primary tumor and mediastinal lymph nodes 
if involved. Vector administration was performed by intratu- 
moral injection of the primary tumor either through a flexible 
bronchoscope or by CT guided percutaneous needle as previ- 
ously described (10). Tumors > 4 cm in the largest diameter 
were injected with 10 ml divided into three separate sites, 
whereas tumors with a diameter of <4 cm were injected in a 
single site with 3 ml. Ad-p53 doses were escalated initially in 
cohorts of three for the first 9 patients (3 X 10", 1 X 10'^ and 
3 X 10*^ vp of Ad-p53). All subsequent patients received the 
highest dose (3 X 10'^ vp). Core biopsies were obtained fh)m 
indicator lesions on days 1, 18, 19, and 32 and 3 months after 
treatment. 

Response and Toxicity. The toxic effects of therapy 
were evaluated according to the National Cancer Institute's 
Common Toxicity Criteria (1 1). An independent Data Monitor- 
ing Committee whose members were not affiliated with either 
the University of Texas M. D. Anderson Cancer Center or the 
sponsor of the trial assessed response to therapy. Assessments 
were made of overall response (including metastatic sites) and 
response of the injected tumor (excluding metastatic disease). 
The Data Monitoring Committee used standard criteria with CT 
and bronchoscopic findings and not pathologic biopsies (12). 
Response of the primary injected tumor focused only on the 
primary tumor, excluding progression at metastatic sites. 

Siuvival duration was measured from beginning of therapy to 
date of last follow-up or death. Time to progression for metastatic 
(pleural effusions, pulmonary nodules, systemic metastases) and 
locoregional disease (primary tumor and mediastinal or hilar lymph 
nodes) was defined as the time from beginning of therapy to 
dcknimented progression. Patients who did not demonstrate pro- 
gression were censored at the time of last follow-iq). 

Radiation Therapy, External radiation therapy was 
given by linear accelerator 18 or 6 Mv with a total dose of 60 Gy 
calculated at the isocenter in 30 fractions over 6 weeks without 
inhomogeneity correction. The margins ranged firom 2 to 2.5 cm 
around the gross target volume. 

Real-Time PCR and Reverse Transcription-PCR. 
Probes and primers used in this study were designed using the 
Primer Express software (version 1.0; Perkin-Elmer). Sequences 
are available upon request. To avoid amplification of contami- 
nating residual genomic DNA, probe and primer sets for each 
gene were designed around the junction region of two exons so 
that they are mRNA-specific. 

To determine the copy nxunber of Ad-p53 virus in each cell, 
viral DNA extracted fh)m Ad-p53 was used as an absolute 
standard, and the p-actin gene was used as a reference gene to 
count cell numbers. Briefly, calculation of p53 virus copy num- 
ber was accomplished by plotting a P-actin standard curve, 
using human genomic DNA (from Pericin-Elmer) as a standard 
(1 ng of DNA equals —303 genome equivalents) and comparing 
the results of the clinical samples with the standard using 
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p-actin probes. This resulted in the number of genomes (cells) 
in each sample. The number of p53 virus copies in each sample 
was determined by comparing with a separate /?5i-virus stand- 
ard curve (plotted using /?55- viral DNA standard.) This value 
was corrected for the presence of inflammatory cells. 

For quantitative real-time reverse transcription-PCR, hu- 
man total RNA was used as a relative standard and human 
GAPDH gene served as an internal control for relative mRNA 
amount. Real-time PCR was performed in the ABI Prism 7700 
Sequence Detection System according to the manufacturer's 
protocol. 

Statistical Considerations* The purpose of this nonran- 
domized Phase I/II study was to evaluate the efficacy of Ad-p53 
(INGN 201) gene therapy as an adjunct to radiation therapy in 
the treatment of patients with NSCLC. The primary end point 
for evaluation was the local control of tumor at 3 months. The 
study was designed to test the null hypothesis that the 3-month 
local control rate is 20% versus the altemate hypothesis that the 
rate is 40% using a one-sided exact binomial test with an a level 
of 5%. The sample size of 49 patients provided a power of 83%. 
An interim analysis after 1 5 patients was included in the design. 

Data from 17 of 19 patients enrolled in this study were 
analyzed. For each patient, the gene expression for p53 and 
GAPDH were measured in duplicate at four distinct time points: 
time 0 = baseline, before any therapy; time 1 = on day 18 after 
the first Ad-p53 {INGN 201) injection and after 2 weeks of 
radiation therapy but before the second Ad'p53 {INGN 201) 
injection; time 2 = on day 19, 24 h after the second Ad-p53 
{INGN 201) injection and after 2 weeks of radiation therapy; and 
time 3 = at day 32, before the third Ad-p53 {INGN 201) 
injection and after 4 weeks of radiation therapy. Ratio of the 
marker gene and GAPDH was calculated to estimate the amount 
of target gene expression. The coefficient of variation (defined 
as SD divided by the mean) was computed to estimate the 
precision of the duplicate experiment Modulation of gene ex- 
pression over time was assessed by comparing the ratios of the 
target gene between two time points. Exact binomial test was 
applied to test the null hypothesis of no modulation by assuming 
that the probability of up-regulation (or down-regulation) equals 
to 0.5. Two-sided Ps were calculated. Duplicate experiments 
were done when adequate tissue samples were available (pa- 
tients 16, 15, 13, 12, and 1 1 at time 0, 1, 2, and 3, respectively). 
The coefficient of variation ranged from 0 to 1.21 with a median 
of 0.2. There were 78 and 97% of the samples with coefficient 
of variation < 0.5 and 0.8, respectively, indicating good repro- 
ducibility between the duplicate experiments. The precision was 
similar among all four time points. 

RESULTS 

Patient and Tumor Characteristics. Nineteen patients 
(8 female, 11 male; median age, 74, age range, 53-91) with 
nonmetastatic NSCLC who were not eligible for chemoradiation 
or surgery were enrolled in this Phase II study (Table 1) between 
April 30, 1998, and May 4, 2000. The date of last follow-up was 
April 1, 2002, with a median follow-up of 36 months. All 
patients had histologically determined viable NSCLC on pre- 
treatment tumor biopsies. Nine patients had locoregionally ad- 
vanced NSCLC (5 stage lOA and 4 stage IlIB) and were 



ineligible for chemoradiation because of poor performance sta- 
tus, age, comorbidities, or obstructed bronchi. Ten patients with 
stage I and II NSCLC (2 stage lA, 5 stage IB, and 3 stage IIB) 
were ineligible for siu-gery because of poor pulmonary function 
tests or significant comorbidities. 

Patients were treated with radiation therapy to 60 Gy over 
6 weeks, in conjvmction with three intratumoral injections of 
INGN 201 (on days 1, 18, and 32) via CT guidance (15 patients) 
or bronchoscopy (4 patients) administered into the primary 
tumor (for dose assigiunent see Table 1). Seventeen of 19 
patients received all planned treatment, whereas 2 patients did 
not complete therapy because of tumor progression (patient no. 
1 8) or early death (patient no. 6). Two additional patients did not 
receive tumor biopsies 3 months after completion of therapy 
because of tumor progression (patient no. 10) or weakness 
(patient no. 1 9). The presence of a p53 mutation in the primary 
tumor was not required for entry into the study because previous 
studies in animal models, as well as in clinical trials, have 
shown no clear relationship between p53 mutational status and 
response to INGN 201 treatment (10, 13-15). 

Seventeen of 19 patients completed the radiation therapy 
according to the protocol with a total tumor dose of 60 Gy in 30 
fractions (2 Gy/day) by high energy (>6 Mv) accelerated pho- 
tons. The duration of the radiation therapy ranged from 39 to 50 
days with the median duration as 44 days. There were no major 
protocol violations such as prolonged interruption of radiation 
therapy or administration of nonstudy anticancer therapy among 
the 1 7 patients. 

Antitumoral Efficacy, Three months after completion of 
radiation therapy and Ad-p53 {INGN 201) therapy, antitumoral 
efficacy was determined with CT scan evaluation (16 of 19 
patients) and pathologic examination of biopsies (15 of 19 
patients). Pathologic examination of biopsies 3 months after 
completion of therapy revealed no viable tumor in 12 patients 
(12 of 19, 63%) and viable tumor in 3 of 19 patients (16%). 
Tumors of 4 patients (4 of 19, 21%) were not biopsied because 
of tumor progression (patients nos. 10 and 18), early death 
(patient no. 6), or weakness (patient no. 19). The study was 
closed to additional accrual after the planned interim analysis 
after 19 patients. 

Assessment of the primary injected tumor 3 months after 
completion of therapy (Table 1 , Fig. \,A and B) was performed 
by an external review board with CT and bronchoscopic find- 
ings and demonstrated: a CR in 1 patient (1 of 19, 5%); PR in 
1 1 patients (1 1 of 19, 58%); stable disease in 3 patients (3 of 19, 
16%); and PD in 2 patients (2 of 19, 1 1%). Two patients (2 of 
19, 11%) were nonevaluable becaxise of tumor progression 
(patient no. 18) or early death on treatment day 69 (patient no. 6). 

Overall tumor response (including metastatic disease ap- 
parent at the time of posttreatment evaluation) was determined 
by an external review board, based on CT, bronchoscopic, and 
clinical findings. CR was seen in 1 patient (1 of 19, 11%), PR 
in 5 patients (5 of 19, 26%), SD in 1 patient (I of 19, 5%), and 
PD in II patients (11 of 19, 58%). Six patients progressed 
locoregionally (4 primary injected tumor alone, 1 primary in- 
jected tumor, and mediastinal lymph nodes [lymph nodes irra- 
diated but not injected with Ad-p53 {INGN 201)], 1 mediastinal 
lymph node alone [not irradiated or injected with ^rf-/?J3 {INGN 
201)]. With an intention to treat analysis and median follow-up 
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Table / Characteristics of NSCLC patients and tumors after treatment with intratumoraJ injection of Ad-p53 and radiation therapy 



Patient 
no. 


AO-pJ J 

dose (viral 
particles) 


Age 


Oenucr 


nisioiogy 


olagc 


Injection 
SI ic 


Baseline 
measure 
of primary 
tumor 
{cm ) 


• 

Injected 

site 
response 


j*iTionin 
oiupby 


njcoreg 
recur* 


recui* 


UVCIall 
r^cnrt n c 

rcspuuAw 


1 


3 X 10" 


74 


Male 


Squam 


IIL\ 


RUL 


4X4 


PR 


Pos 


No 


Yes 


PD 


2 


3 X 10" 


78 


Female 


NSCLC 


IIB 


LUL 


4X4 


PR 


Neg 


No 


No 


PR 














bronchus 












3 


3 X 10" 


69 


Male 


Squam 


IIB 


RUL 


3X5 


CR 


Neg 


No 


No 


CR 












bronchus 












4 


1 X 10" 


73 


Female 


Adeno 


IIIA 


RLL 


6X4 


SD 


Neg 


Yes 


Yes 


PD 


5 


1 X 10" 


74 


Male 


Adeno 


IIIB 


LUL 


8X5 


PR 


Neg 


No 


Yes 


PD 


6 


1 X 10" 


72 


Male 


Squam 


IIIB 


LLL 


9X7 


NE^ 


NE* 


No 


No 


PD 


7 


3 X 10" 


74 


Female 


Adeno 


IB 


RUL 


4X4 


PR 


Neg 


Yes* 


Yes 


PR 


8 


3 X 10" 


81 


Female 


Adeno 


IIB 


RUL 


4X3 


PR 


Pos 


Yes 


No 


PR 


9 


3 X 10" 


68 


Male 


Adeno 


IB 


RUL 


5X5 


SD 


Pos 


No 


No 


SD 


10 


3 X 10" 


53 


Male 


Squam 


IIIA 


R mainstem 


5X7 


NE* 


NE* 


No 


Yes 


PD 














bronchus 














11 


3 X 10" 


73 


Male 


Adeno 


IIIA 


LUL 


5X5 


PR 


Neg 


No 


No 


PR 


12 


3 X 10" 


79 


Female 


Squam 


lA 


RUL 


3X2 


PR 


Neg 


No 


No 


PR 


13 


3 X 10" 


91 


Male 


Adeno 


IIIB 


RUL 


6X7 


PR 


Neg 


No 


Yes 


PD 


14 


3 X 10" 


85 


Female 


Squam 


IB 


LLL 


2X3 


SD 


Neg 


No 


Yes 


SD 


15 . 


3 X 10" 


81 


Female 


Adeno 


IB 


RUL 


3X2 


PD' 


Neg 


No 


No 


PD* 


16 


3 X 10" 


67 


Male 


Squam 


IB 


RUL 


8X5 


PR 


Neg 


Yes* 


Yes 


PD 


17 


3 X 10" 


58 


Female 


Squam 


IIIB 


RUL 


3X6 


PR 


Neg 


Yes 


Yes 


PD 














bronchus 














18/ 


3 X 10" 


62 


Male 


Squam 


IIIB 


LUL 


9X9 


PD 


NE* 


Yes 


Yes 


PD 


19 


3 X 10" 


84 


Male 


NSCLC 


lA 


RLL 


2X3 


PR 


NE« 


No 


Yes 


PD 



" All tumors histologically confirmed, pretreatment, to be viable NSCLC; squam, squamous cell carcinoma; adeno, adenocarcinoma. 

* Location of primary tumor injected with Ad-p53 (INGN 201). Tumors located in bronchus injected by bronchoscopy others by CT guidance: 
RUL, right upper lobe; RLL, right lower lobe; LUL, left upper lobe; LLL, left lower lobe. 

Response of injected primary tumor determined 3 months after completion of therapy as determined by external review board. CR, complete 
response; PR, partial response; SD, stable disease; PD, progressive disease; NE, not evaluable. 

Pathologic biopsy of tumor obtained 3 months after completion of therapy by CT scan, core needle, or bronchoscopic biopsy. 
' Locoregional and metastatic recurrence determined by serial bronchoscopy or CT scans. Locoregional recurrence defined as progression in 
primary mmor or locoregional lymph nodes (mediastinal or bronchial). Metastatic recurrence defined as progression in distant sites, including other 
organs, pulmonary nodules, and pleural effusions. 

^Overall response determined 3 months after completion of therapy by external review board. Clinical progression of disease (patient no. 6), 
^NE, not evaluable because patient died before biopsy (patients nos. 6, 10) or reftised biopsy because of disease progression (patients nos. 
18, 19). 

* Mediastinal lymph nodes that were not injected with INGN 201 or in radiation portals increased in size (patient no. 16), whereas the primary 
tumor that was irradiated and injected with INGN 201 decreased in size. Patient no. 7 developed progression in primary tumor and mediastinal lymph 
nodes that were both in radiation portals. 

' PD because CT scan showed increase in size at 3 months but probable radiation change because no tumor progression over subsequent 1 8 
months of CT follow-up and negative pathologic biopsy at 3 months. 

-^Patient no. 18 did not complete INGN 201 and radiation therapy treatment because of clinical progression. 



of 37 months, overall survival analysis by Kaplan Meier is 47% 
at 1 year and 26% at 3 years (Fig. 2A). Five patients are 
currently alive without evidence of disease 34-48 months after 
the start of treatment Eleven patients have developed clinically 
diagnosed distant metastases (5 pleural effusions, 2 pulmonary 
nodules, I bone, 1 brain, 1 brain, and s.c. nodules and 1 adrenal). 
Median time to progression has not been reached (Fig. 25) for 
locoregional disease and is 9.2 months for metastatic disease 
(Fig. 20. 

Adverse Events. All patients received radiation therapy 
and INGN 20 J gene therapy as outpatients. The most common 
adverse events associated with Ad'p53 (INGN 201) vector ad- 
ministration and radiation were grade 1 or 2 fevers (79%), pain 
(68%), chills (53%), and pneumothoraces (37%; Table 2). All 
pneumotboraces were managed on an outpatient basis, with 
observation or percutaneous catheters. Radiation therapy was 



associated with primarily grade I or 2 esophagitis (47%), ano- 
rexia (21%), or weakness (58%). Grade 3 (severe) or grade 4 
(life threatening) toxicity was noted in 6 of 19 (33%) patients 
and consisted of atrial arrhythmias, anemia, weakness, anorexia, 
pain, nausea, dyspnea, confusion, hypotension, and hallucina- 
tion. The combination of Ad-p53 {INGN 201) and radiation 
therapy did not appear to increase toxicity over what was 
expected with radiation therapy alone based on previoxis expe- 
rience (16, 17). No patients discontinued radiation therapy or 
Ad'p53 {INGN 201) because of treatment-related adverse 
events. In addition, no treatment related deaths were observed. 

Assessment of Gene Transfer by Ad-p53 (INGN 201). 
The presence of Ad'p53 vector-specific DNA and mRNA was 
assessed (Table 3) by quantitative real-time PGR in preinjection 
(day 18 after entry into the protocol) and 24 h after injection 
(day 19) biopsy specimens. The ^-actin genome nimiber is 
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Fig. I A, patient no. 2: left upper lobe tumor unable to undergo surgery because of poor pulmonary function and cardiac disease. Patient received 
three injections of Ad-p53 (3 X 10** vp) via bronchoscope in combination with radiation therapy (60 Gy; A). Pathologic biopsy negative for viable 
tumor 3 months after completion of therapy {B). B, patient no. 3: right upper lobe tumor unable to be treated with surgery because of poor pulmonary 
function and ineligible for chemotherapy because of cardiac disease and obstructed bronchus (5/29/98). Patient was treated with three injections of 
Ad-p53 (3 X 10'* vp) and radiation therapy (60 Gy) by bronchoscopy (5/29/98) with a CR 3 months after completion of therapy (10/8/98) and no 
pathologic evidence of tumor 29 months after therapy (12/1 1/00). 



given in the table in parentheses as a positive control to show the 
presence of DNA in the sample. AH values were corrected for 
the percentage of nontumor cells present in the biopsy. 

Ad-p53 vector-specific DNA was detected in biopsies from 
9 of 12 patients with paired biopsies (day 18 and day 19). No 
Ad-p53 vector-specific DNA was detected in pretreatment bi- 
opsy specimens before the first Ad-p53 injection (data not 
shown). The ratio of copies of Ad-p53 vector DNA to copies of 
p-actin DNA was 0.15 or higher in 8 of 9 patients (range, 
0.05-3.85) with 4 patients having a ratio >0.5. For 1 1 patients 
with adequate samples for both vector DNA and mRNA anal- 
ysis, 8 showed a postinjection increase in mRNA expression 
associated widi detectable vector DNA. Postinjection increases 
in p53 mRNA were detected in 11 of 1 2 paired biopsies ob- 
tained 24 h after Ad'p53 (INGN 20 J) injection, with 10 of 1 1 
increasing 3-fold or greater {F < 0.005). Comparison of Ad-p53 
mRNA levels in days 18, 19, and 32 biopsy specimens to 



pretreatment biopsies also showed a highly statistically signifi- 
cant increase (data not shown; P < 0.005). Preinjection biopsies 
that were negative for p53 protein expression by immunohisto- 
chemistry were stained for p53 protein expression after Ad-p53 
{INGN 201) injection. Staining results confirmed that the p53 
protein was expressed in the posttreatment samples in the nuclei 
of cancer cells (data not shown). 

Effect of Ad-p53 (INGN 201) Gene Transfer on mRNA 
Expression of p5J-regulated Genes. Previous in vitro exper- 
iments in hxmian NSCLC cell lines identified four genes [p2I 
(CDKNIA), MDM2, FAS, and £AK\ that showed the greatest 
increase in mRNA expression after induction of p53 overex- 
pression with Ad'p53 (data not shown). Therefore, in the current 
study, changes in mRNA levels for these foiu* markers were 
determined at various time points before and during treatment 
using reverse transcriptase real-time PCR (Table 4). The study 
was controlled by obtaining a pretreatment biopsy under the 
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0.0-1 1 1 1 1 1 1 1 1 
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0.0 H 1 1 1 1 1 1 1 1 

0 6 12 18 24 30 36 42 48 



Fig. 2 Ay overall survival of all patients {n — 19) entered on trial with 
Ad-p53 (INGN 20 J) and radiation therapy, 5, locoregional time to progres- 
sion of all patients (n = 19) entered on trial with Ad-p53 (INGN 201) and 
radiation therapy. C, metastatic time to progression of all patients (n = 19) 
entered on trial with Ad-p53 (INGN 20J) and radiation therapy. 



same conditions as the posttreatment biopsy. The inclusion of a 
time point during the radiation treatment allowed for a biopsy to 
be performed immediately before and 24 h after Ad-p53 injec- 
tion, thus allowing detemiination of the effects of ihtAd'p53 on 
mRNA expression during treatment. An increase in mRNA 
expression was defined as a ratio >2 compared with GAPDH; 
a decrease was defined as a ratio <0.5; any value between 0.5 
and 2 was considered no change. The exact binomial two-sided 
test was used to test the null hypothesis of no modulation 
between time points. The time intervals in Table 4 refer to: 
{a) change between day 18 (immediately before injection) and 
day 1 9 [24 h after >4^/-p5i {INGN 201) injection]; and {b) change 
between day 0 (before initiation of all treatment) and days 18, 
19, and 32 (days after initiation of treatment). 



For p21 (CDKNIA) mRNA, increases of statistical signif- 
icance were noted 24 h after Ad'P53 injection (time interval 1, 
borderline, P = 0.07) and during treatment, as compared with 
the pretreatment biopsy (time interval 2,P = 0.02), In the case 
of MDM2 mRNA, increases of statistical significance were 
noted during treatment compared with the pretreatment biopsy 
(time interval 2, P = 0.04). Levels of FAS mRNA did not show 
statistically significant changes during treatment BAK mRNA 
expression increased significantly 24 h after injection of 
Ad-p53(lNGN 201 ; time interval 1 , P = 0.04) and thus appeared 
to be the marker most acutely up-regulated by Ad-p53 (INGN 
201) injection rather than Ad-p53 (INGN 201) and radiation 
therapy (time interval 2, P = 0.80). There were too few speci- 
mens to find a statistical conrelation with gene up-regulation and 
clinical outcome. 

DISCUSSION 

Conventional radiation and sequential chemoradiation 
strategies provide poor locoregional control of NSCLC, with 
only 15-20% local control at 1-2 years (16, 17). In an effort to 
determine whether Ad-p53 (INGN 201) could enhance locore- 
gional control, this trial was designed to evaluate not only 
radiographic responses but also pathologic biopsies 3 months 
after completion of therapy. A previous study by Le Chevalier 
et al. (16) resulted in a negative pathologic biopsy rate 3 months 
after completion of radiation or sequential chemoradiation of 
only 17-20%. Although our study cannot be compared directly 
with this study, the high number of pathologic negative biopsies 
(63%, intention to treat) and the large nxunber of radiological 
responses at the primary tumor site [60% major response (PR or 
CR), intention to treat] in a patient population that was unable to 
tolerate chemoradiation or surgery is encouraging. Because sur- 
vival in locoregionally advanced NSCLC is also dependent on 
control of metastatic disease. Phase III randomized studies will 
be necessary to determine whether the potential improvement in 
locoregional control achieved by Ad-p53 {INGN 201) and radi- 
ation therapy can translate into improved overall survival. Our 
study did, in fact, demonstrate a high metastatic failure rate (Fig. 
2Q, which may have been expected because chemotherapy 
could not be administered to these high-risk patients. In future 
studies, we plan to address metastatic relapse by adding chem- 
otherapy to the combination of Ad-p53 {INGN 201) and radia- 
tion therapy. 

It is encoiuaging that strategies designed to improve lo- 
coregional control in locoregionally advanced NSCLC such as 
concurrent chemoradiation or fractionated radiation therapy 
have led to improved survival (17-19). The Japanese Clinical 
Oncology Group and the Radiation Therapy Oncology Group 
recently reported improved survival in locoregionally advanced 
NSCLC when concurrent chemoradiation rather than sequential 
chemoradiation was used, presumably because of the radiation 
sensitizing effect of concurrent chemotherapy (19-21), al- 
though toxicity appeared increased with concurrent chemother- 
apy. Additionally, subset analysis of these studies have demon- 
strated that concuirent chemoradiation might not be as effective 
in elderly or poor performance status patients, in part, because 
of increased toxicity (22). These observations suggest a thera- 
peutic window for Ad-p53 {INGN 201) and radiation therapy 
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Table 2 Highest grade adverse event (AJE) observed in 19 patients during Ad-p53 (INGN 201) and radiation therapy 



Adverse events* Grade l^'^ Grade 2^'-^ Grade 3^*^ Grade 4^*^ Total patients with AE^ 



Fever 


2(11) 


13(68) 


0 


0 


15(79) 


Pain 


7(37) 


5(26) 


1(5) 


0 


13(68) 


Weakness 


4(21) 


4(21) 


3(16) 


0 


11(58) 


Nausea 


9(47) 


0 


1(5) 


0 


10(53) 


Chills 


7(37) 


3(16) 


0 


0 


10(53) 


Esophagitis 


6(32) 


3(16) 


0 


0 


9(47) 


Dyspnea 


6(32) 


1(5) 


1(5) 


0 


8(42) 


Vomiting 


5(26) 


3(19) 


0 


0 


8(42) 


Pneumothorax 


4(21) 


3(16) 


0 


0 


7(37) 


Arrhythmia 


5(26) 


0 


0 


2(11) 


7(37) 


Hemoptysis 


4(21) 


2(11) 


0 


0 


6(32) 


Anorexia 


3(16) 


0 


1(5) 


0 


4(21) 


Hypotension 


0 


1(5) 


1(5) 


0 


2(11) 


Anemia 


0 


0 


2(11) 


0 


2(11) 


Confusion 


0 


0 


1(5) 


0 


1(5) 


Hallucination 


0 


0 


1(5) 


0 


1(5) . 



" Adverse events listed as descriptive or verbatim tenn from medical records, not otherwise coded. 

* Toxicity defined by National Cancer Institute common toxicity criteria (Grade 1-4); percentage of patients with this level of toxicity in 
parentheses. 

^ Highest grade toxicity associated with Ad-p53 (INGN 201) and radiation therapy treatment; percentage of patients with this level of toxicity 
in parentheses. 

''Total number of patients treated with Ad-p53 (INGN 201) and radiation therapy with AE. 



Table 3 Detection of Ad-PS 3 vector-specific DNA and mRNA in biopsy specimens by real-time PCR 
Ad-p53 DNA PCR 

Ad-p53 copy number: p-actin genome* Ad-p53 mRNA reverse transcriptase PCR" 



Patient no. 


(copies of ^-actin genome) 


p53 mRNA: GAPDH mRNA 


Preinjection* 


Postinjection'' 


Preinjection 


Postinjection 


1 


neg^ (68) 


neg (112) 


218 


5308 


2 


neg (149) 


3.85 (92) 


<1 


23280 


3 


neg (71) 


3.06 (60) 


25 


81 


4 


na' 


na 


na 


na 


5 


neg (94) 


neg (267) 


176 


766 


6 


neg (334) 


0.05 (458) 


35 


170502 


7 


neg (17) 


0.71 (73) 


167 


11365 


8 


neg (347) 


0.39 (220) 


20 


33 


9 


neg (1221) 


neg (1666) 


<1 


2214 


10 


neg (285) 


0.19(611) 


<1 


94 


11 


neg (200) 


0.24(219) 


18 


220 


12 


na 


na 


na 


na 


13 


neg (194/ 


2.76 (248) 


7 


701 


14 


0.16(408) 


neg (421) 


na 


na 


15 


na 


na 


na 


na 


16 


na 


na 


113 


78 


17 


na 


na 


na 


na 


18 


na 


na 


na 


na 


19 


na 


na 


na 


na 



" Values represent the mean of duplicate samples. 
* Day 18. 
'^Day 19. 

''neg, not detectable in biopsy; sensitivity of the quantitative DNA PCR is one copy as determined by standard curves; for the reverse 
transcription-PCR, the sensitivity is between 10 and 100 copies by quantitation in run-off transcription assays (data not shown). 
' na, biopsy not available. 

■^Pretreatment biopsy was obtained before day 1 injection. 



because this novel strategy demonstrated no dose-limiting tox- 
icity with concurrent use and was limited only by manufacturing 
considerations. Although these patients were often ineligible for 
chemoradiation because of age or significant comorbidities, 
only 34% of the patients suffered a grade 3 or higher adverse 
event, and all patients were treated as outpatients. In the future, 



Ad-p53 {INGN 201) may, in combination with chemoradiation, 
provide enhanced survival by increasing locoregional control 
without increasing toxicity. 

Another major goal of this study was to determine the 
molecular mechanism by which Ad-p53 (INGN 201) and radi- 
ation therapy-induced cell killing. We therefore performed mul- 
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Table 4 


Changes in nrRNA levels of marker genes at various time points before and during treatment 








Patients with 


Patients with 






Time 


increased* mRNA 


decreased*^ mRNA 




mRNA 


intervar 


. levels 


levels 


P (two-sided) 


P2i (CDKNIA) 


1 


7 


1 


0.07 




2 


11 


2 


0.02 


MDM2 


1 


4 


6 


0.75 




2 


8 


1 


0,04'' 


FAS 


1 


5 


6 


-1.00 




2 


5 


3 


0.73 


BAK 


I 


8 


1 


0.04^ 




2 


9 


7 


0.80 



" Time interval 1, interval between day 18 [immediately before injection of Ad-PS 3 (INGN 201)] and day 19 [24 h after Ad-p5S (INGN 201) 
injection]; time interval 2 = change between day 0 (before initiation of any treatment) and days 18, 19, and 32 (days after initiation of treatment). 
* Two-fold or greater increase over pretreatment value. 
Fifty percent or greater decrease from pretreatment value; patient samples not classified as either an increase or decrease are considered 
unchanged or not available for analysis from a total of 16 possible specimens. 
Statistically significant, P < 0.05. 



tiple biopsies throughout the study to evaluate the time course of 
the induction of several apoptosis-related genes and their rela- 
tionship to p53 gene transfer and radiation therapy. We demon- 
strated for the first time in human cancers in situ, the induction 
of expression of several genes closely linked to p53y including 
MDM2, p21 (CDKNJA), and BAK, Our study showed that, 
although p2I (CDKNIA) and MDM2 appeared to be modestiy 
up-regulated in tumors injected v/ithAd-p53 {INGN 201), it was 
the proapoptotic gene BAK that showed significant up-regula- 
tion within 24 h of Ad-p53 {INGN 201) injection. Because of the 
study design, it remains possible that radiation alone had an 
effect on the maricer genes independent of Ad-p53 {INGN 201) 
administration. A study by Bishay et al (23), however, showed 
that BAK mRNA remains at a constant level in cells with 
endogenous wt-p53 after radiation. Thus, our observation of an 
increase in BAK links this specifically to the forced overexpres- 
sion of p53 by Ad-p53 (INGN 201) gene transfer. Previously, 
Pearson et al. (24) showed up-regulation of BAK protein ex- 
pression in lung cancer cell lines in response to forced over- 
expression of p53. Bishay et al (23) also showed increased 
expression of p21 {CDKNIA) in B lymphoblastoid cells, sug- 
gesting that radiation in the presence of wt-p53 can induce p2I 
{CDKNIA) expression. However, in our study, this cannot be 
specifically attributed to forced overexpression of p53 because 
radiation can achieve this with low levels of wt-p53. In lung 
tumors with nonfunctional wt-p53j which likely includes most 
of tumors in our study, the restoration of wt-p53 function prob- 
ably contributed to the increases in p2I {CDKNIA) expression. 

The role of these genes in mediating tumor regression and 
apoptosis in patients will require further study. However, pre- 
vious studies have shown conclusively that forced overexpres- 
sion of p53 by both retroviral and adenoviral vectors is associ- 
ated with mariced increases in the apoptotic fraction of NSCLC 
cells in biopsies taken 72 h after injection of Ad-pS 3 as shown 
by terminal deoxynucleotide transferase-mediated biotin UTP 
nick-end labeling staining (10, 13, 25). The up-regulation of the 
proapoptotic gene BAK may, in part, be responsible for this 
effect, although this study cannot determine whether Ad-p53 
was responsible because radiation was administered simulta- 
neously. Although many genes may be under the regulatory 



control of p53, we initially screened several NSCLC cell lines 
for those apoptosis-associated genes most strongly up-regulated 
by forced p53 overexpression. Thus, although our study does 
not include all known p53 regulated genes, it provides important 
confirmation of the cell culture findings and a methodology for 
future studies. 

Future clinical trials will explore the combination of 
Ad-p53 {INGN 201) gene transfer and chemoradiation to address 
both metastatic and locoregional disease. The antitumoral po- 
tential of these strategies is supported by preclinical data that 
suggests the combination of all three treatments {Ad'p53, chem- 
otherapy, and radiation therapy) is synergistic and may lead to 
enhanced antitumoral activity without increased toxicity."* This 
study has been an important foimdation for future studies be- 
cause it provides a molecular mechanism for the enhanced 
antitumoral activity with sequential tirnior biopsies and quanti- 
tative analysis of /75J-regulated genes. It confirms that after 
Ad-p53 (INGN 201) gene transfer and radiation therapy, wt-p53 
gene expression increases dramatically with subsequent induc- 
tion of BAK, MDM2, and p2I {CDKNIA). In the future, these 
molecular markers may help clinicians to identify those patients 
most likely to respond to Ad-p53 {INGN 201) gene transfer 
strategies. 
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